Water released from wood tissue during transpiration (capacitance) can meaningfully affect 13 daily water use and drought response. To provide context for better understanding of 14 capacitance mechanisms, we investigated links between capacitance and wood anatomy. 15
INTRODUCTION
three phases linked to anatomy: 1) an initial phase (0 to ca. -0.6 MPa), when water is 72 released from capillary storage (already embolized fibres, vessels and tracheids, and 73 intercellular spaces), 2) a second phase (< -0.6 MPa but prior to vessel embolization), when 74 water is released from elastic storage (cells with elastic cell walls), and 3) a final phase 75 (below the embolization threshold), when water is released from embolizing vessels and 76 fibres, likely resulting in permeant damage to the xylem tissue, at least in large trees. Despite 77 this well-developed and popular theory, few studies have quantified wood anatomy in relation 78 to capacitance, and none of them used methods, which would avoid open vessels and 79 oversaturation artefacts. As a result, we lack quantitative understanding of the anatomical 80 drivers of capacitance, especially for angiosperm trees, which exhibit substantial variation in 81 stem cell sizes, types, their proportions and geometry. 82
Given these knowledge gaps, it is surprising that parenchyma, the main living tissue 83 in wood commonly believed to have elastic cell walls, is often assumed the primary source of (fibres, vessels) via highly lignified middle lamella impeding parenchyma independent 95 volumetric changes. Moreover, recent microCT studies, suggest that water released from 96 cavitating fibres and vessels may contribute meaningfully to capacitance at moderate water 97 potentials (Knipfer et al. 2017 (Knipfer et al. , 2019 . 98
Here, we measured detailed anatomical traits, water storage and capacitance to 99 address the following questions: 1) how large is day capacitance and how does it vary 100 among diverse temperate tree species?, 2) how much water is stored in wood and does this 101 water volume limit day capacitance during peak summer?, 3) which anatomical traits are 102 related to capacitance? 103 6 the branch still attached to a tree was covered with Vaseline to reduce drying from the 144 exposed surface. Twigs were quickly de-leafed (apical meristem was removed together with 145 most distal leaves), double-bagged in zip-lock bags, and placed in an additional opaque bag 146 at ambient temperature. Each sampling event took approximately two hours. After collecting 147 all leaves and twigs, material was transported to the onsite laboratory within 5 min. 148
Immediately after arrival to the laboratory, leaf water potential was measured on one 149 leaf per tree using a pressure chamber (Model 1000, PMS Instrument Company, USA). Next, 150 twig segments ca. 60 mm long and 5 mm diameter (excluding bark and pith) were cut at a 151 minimum 50 mm distance from the initial, field cut. The segments were quickly wrapped in 152 Parafilm, placed in a 4 mil zip-lock bag, and then into a cooled box with ice. After preparing 153 all samples, the following steps were carried out in a humidity-controlled room (at relative 154 humidity of 75-80%) to minimize water loss. Bark and pith were removed, the ends were 155 trimmed by a few mm, and fresh mass was measured on an analytical balance (Sartorius, 156 0.00001g), after which the samples were placed in distilled water. 157
These wood samples were then stored at 4°C for two weeks and, afterwards, 158 saturated mass and volume was measured using Archimedes principle as described in 159 . In several cases, twigs did not sink even after two 160 weeks of soaking, thus indicating that gas was still present in those samples. These samples 161
were held under water at ca. 60°C for several hours. This treatment resulted, in all cases, in 162 samples that sank, and, next, volume and saturated mass was recorded. For logistic 163 reasons, we were unable to measure volume within 48 hours after sampling, as is commonly 164 done in other studies. However, our preliminary tests confirmed that across all species 165 studied, volume measured on fresh vs. saturated samples (after two weeks of soaking at 166 4°C) differed on average by 2% ± 1.1% SD, and as such, should not meaningfully influence 167 our volume estimates. As comparison, soaking for 48 hours resulted in 1.6% ± 0.9% SD 168 volume changesimilar to the change after two weeks. After saturated mass and volume 169 measurements, the samples were dried at 102°C for three days and dry mass was recorded. 170
Broadly, water storage is defined here as the amount of water contained in a wood 171 sample. It can be expressed as: relative water content or volumetric water content. Relative 172 water content (RWC) is the proportion of water in a sample relative to the maximum amount 173 of water that could be stored in that sample and was calculated as follows: 174
where MF is sample fresh mass, MD is sample dry mass, and MS is sample saturated mass. 176
Volumetric water content (VWC) indicates total water volume per sample volume (Gartner, 177 Moore & Gardiner 2004) and was calculated as follows: 178
where V is sample volume and ρ is water density, assumed to equal 1 g cm -3 . We also 180 partitioned VWC to lumen (VWCL) and wall (VWCW) water content. For that, we assumed 181 that the fibre saturated point (FSP), defined as the point where only water bound in cell wall 182 is present, is at 30% moisture content (MC) (Ross 2010; Dlouhá, Alméras, Beauchêne where Ψ is stem water potential. This calculation of capacitance takes saturation as a 202 reference point, to minimize the effect of intrinsic differences between predawn and midday 203 samples (e.g., in their wood density). However, capacitance could also be estimated more 204 directly from fresh and dry samples only: 205
In principle, if predawn and midday water content was measured on exactly the same 208 samples, the two measures of capacitance would lead to exactly same results. However, this 209 was not the case in our study, because predawn and midday water content was assessed on 9 correlation with tissue fractions measured on all except innermost ring (r 2 >0.90 for most 248 tissues, r 2 = 0.79 for fibre fraction and r 2 = 0.76 for living fibre fraction), and the innermost ring 249 usually contributes little to the whole-twig cross-section. 250
Lumen and wall were measured separately for all tissue fractions: fibre, living fibre, 251 axial parenchyma, ray parenchyma, vessels, and conduits with maximum diameter <15 µm 252 (for these, lumen and wall were counted together). The latter category (denoted hereafter 253 conduits15) likely encompassed small vessels, the tapered ends of vessels (tails), and 254 tracheids. Living fibres were identified by the presence of starch, nuclei or septa, and their 255 wall thickness was similar to fibres and/or thicker than parenchyma walls. From these 256 measurements, we calculated the fraction of lumen per given tissue. contact fractions, all vessels in a pie region were analysed except for the innermost growth 279 ring (see above). For this measurement, we modified the grid method. In Photoshop CS4 280 (Adobe Systems Incorporated, USA), dots were placed at equal distances to each other at 281 70 pixels (22.5 µm, Fig. 1 ) along the vessel lumen circumference, with the exception of the 282 first and last dot, whose distance to each other was determined by vessel circumference. We 283 counted the last dot only if its distance from the first dot was larger than 35 pixels (half-10 distance between all other dots). Next, using the 'Cell counter' plugin as for tissue fractions, 285
we classified each dot depending on the neighbouring tissue. For instance, if the dot fell on 286 the border with ray, it was classified as vessel-ray contact dot, and so forth. We then took the 287 ratio of all vessel-ray contact dots to total analysed dots in a pie region, and did the same for 288 the other tissues. This 'dot-ratio' is vessel-tissue contact fraction for a given, abutting tissue. 289
On average, we analysed 943 dots (±605) per each pie region. The number of dots 290 depended on the total vessel circumference (e.g., it was the highest for species with large 291 vessel fraction composed of many small vessels). 292 293
Wood density 294
Wood density (WD) was measured on the same samples as water storage and capacitance 295 measurements, as sample dry mass divided by saturated volume (g cm -3 ). 296 297
Data analysis 298
The studied species encompassed 14 diffuse-porous species, 10 ring-porous species, and 6 299 semi-ring-porous. Anatomically, diffuse-porous species were very different from the two other 300 groups, which in turn were very similar to each other (see Results). Consequently, we ran 301 analyses across all species, as well as within the two porosity groups: diffuse-porous and 302 ring/semi-ring-porous. 303
All analysis were performed in R (R Core Team 2018). We used linear multiple 304 regression models to assess predictors of capacitance using the 'lm' function. The 305 distribution of residuals was evaluated using the 'residualPlot' and 'qqPlot' functions in the 306 "car" package (Fox & Weisberg 2011 ). Colinearity of predictors was assessed using the 307 variance inflation factor (VIF, 'vif' function). When VIF>4, we removed the variables from the 308 model. Paulownia tomentosa was an outlier in many relationships, so we excluded it from 309 several models and indicate that accordingly in the Results. Correlation matrices were 310 obtained using the 'corrplot' function in "corrplot" package (Wei & Simko 2017), and 311 scatterplot matrices were obtained using the base function 'pairs' . Selected figures (e.g., 312 correlation matrices) were additionally edited in Illustrator (Adobe Systems Incorporated, 313 USA). 314
We note that tissue fractions and vessel-tissue contact fractions are not independent, i.e., 315 two fractions taken from the same whole should be expected to vary inversely with one 316 another. However, this expectation is weakened when more than two tissues create the 317 whole, as is the case for our study. Nevertheless, r 2 and P values calculated from plotting 318 one fraction against another should be interpreted with caution and in the context of all other 319 tissue fractions. 320
RESULTS 324

Anatomical variation 325
Anatomical variation in tissue fractions, vessel properties and vessel-tissue contact fractions 326 was considerable (Table S2 , Fig.2a ). Fibres represented the highest fraction (0.45 ± 0.08, 327 here and thereafter we report mean ± one standard deviation), followed by axial+ray 328 parenchyma (0.28 ± 0.08), and then vessels (0.24 ± 0.11). Average axial+ray parenchyma 329 fraction was higher than that found by global analysis of ~400 temperate species (0.21 ± 7.9) 330 and ranged from 0.16 to 0.43, spanning more than half of the reported in that global analysis 331 of total wood area (0.026 ± 0.037) with Acer saccharum as an outlier (0.11). Axial and ray 335 parenchyma had similar fractions (axial: 0.13 ± 0.09, ray: 0.15 ± 0.04). The fraction of tissue 336 lumen per total area of a given tissue, called here 'lumen fractiontissue' (Table 2) varied 337 considerably across tissue types, with vessels exhibiting the largest lumen fractionvessel (0.82 338 ± 0.04), followed by rays (0.64 ± 0.05), axial parenchyma (0.52 ± 0.10), and then fibres (0.30 339 ± 0.15). Although fibres had the lowest lumen fractionfibre, it also varied the most (8-fold) 340 across species. As mentioned in Materials and Methods, ray lumen fractions (per entire 341 wood cross-section as well as per ray tissue) were likely overestimated (wall was likely 342 underestimated). 343
Vessel-tissue contact fractions differed significantly between tissues and across 344 species, more so than tissue fractions (Table S2 , Fig.2b ). The largest contact fraction was 345 between vessels and axial parenchyma (0.36 ± 0.28) and between vessels and fibres (0.27 ± 346 0.22 SD). Vessel-vessel contact fraction was on average 0.18 ± 0.09, followed by vessel-ray 347 contact (0.13 ± 0.07). 348
Anatomical characteristics differed considerably between diffuse-porous, semi-ring-349 porous and ring-porous species (Fig. 3 ), and these differences strongly influenced the 350 investigated trait-trait relationships. Semi-ring-porous and ring-porous species tended to 351 group with each other and many of these species occur in both forms (InsideWood 2004), 352 hence we grouped them into one category denoted 'ring/semi-ring-porous' (Fig. 3) . 353
Within diffuse-porous species, fibre fraction was inversely related to vessel fraction 354 (r 2 =0.68, P<0.001 P<0.001, Fig.4a ), but not to axial+ray parenchyma fraction (r 2 =0.00, 12 with vessel fraction (r 2 =0.14, P=0.15, Fig. 4a ). Across all species, vessel fraction was 358 negatively related to axial+ray parenchyma fraction (r 2 =0.43, P<0.001, Fig. 4c ) and this was 359 driven by porosity type, i.e., diffuse-porous species tended to have higher vessel fraction 360 and lower axial+ray parenchyma as oppose to ring/semi-ring-porous species. Axial 361 parenchyma fraction was negatively correlated (weakly) with ray fraction, with diffuse-porous 362 species tending towards higher ray fraction and ring/semi-ring-porous toward higher axial 363 parenchyma fraction (r 2 =0.15, P<0.05, Fig. S2 ). 364
Species with more abundant axial and ray parenchyma tended to have more contact 365 between these tissues and vessels. However, having abundant fibre or vessel fractions did 366 not translate to higher vessel-fibre or vessel-vessel contact (Fig. S2 ). Vessel-fibre contact 367 fraction was inversely correlated with vessel-axial parenchyma contact fraction (r 2 =0.75, 368 P<0.001, slope: -1.1, Fig. 5 ), Vessel-ray contact fraction was positively related to vessel-fibre 369 contact fraction (r 2 =0.34, P<0.001, slope: 1.9) and negatively to vessel-axial parenchyma 370 contact fraction (r 2 =0.40, P<0.001, slope: -2.6). The relatively steep slopes of these 371 relationships indicated that per one unit change in vessel-ray contact fraction, the two other 372 tissues changed by approximately two units. All these trade-offs were driven by strong 373 differences between porosity groups (Fig. 3) . 374
Vessel diameter was 33 ± 7 μm (mean vessel area: 1077 ± 531 μm 2 ) and DH was 61 375 ± 25 μm averaged across all species. Vessel properties differed markedly between diffuse-376 porous and ring/semi-ring-porous species (Fig. 3 ). Mean vessel area was negatively 377 correlated with vessel number per mm 2 (i.e., species with small vessels had many of them, 378 log10 r 2 =0.84, P<0.001, Fig. S2 ). Species with smaller vessels, measured as mean vessel 379 area or DH, also tended to have higher total vessel lumen fraction (log10 mean vessel area: 380 r 2 =0.49, P<0.001, log10 DH: r 2 =0.51, P<0.001, Fig. S2 ). Vessel size was positively correlated 381 with axial parenchyma fraction (log10 mean vessel area: r 2 =0.33, P<0.001, log10 DH: 382 r 2 =0.56, P<0.001), and negatively (albeit weakly) with ray fraction (mean vessel area: 383 r 2 =0.25, P<0.01, DH: r 2 =0.10, P<0.10). All of these relationships were strongly affected by 384 porosity, with diffuse-porous species at the small vessel area end of spectrum and ring/semi-385 ring-porous species at the large vessel area end. 386 387
Anatomy and wood density 388
Total lumen and total wall fraction were the strongest drivers of WD (negative with lumen: 389 r 2 =0.66, P<0.001, positive with wall: r 2 =0.60, P<0.001, Fig. S2 ). Among the specific tissues, 390 fibre lumen and fibre wall fractions were strongest drivers of WD (negative with fibre lumen: 391 r 2 =0.48, P<0.001, positive with fibre wall: r 2 =0.36, P<0.001). While axial+ray parenchyma 13 (all species: r 2 =0.13, P<0.1, excluding P. tomentosa: r 2 =0.23, P<0.01,). Mean vessel area 395 and DH were not related to WD across all species (mean vessel area: r 2 =0.003, P=0.77, DH: 396
Water storage 399
Relative water content (RWC) was 0.65 ± 0.13 at predawn and 0.59 ± 0.12 at midday. 400
Lumen relative water content (RWCL) was 0.52 ± 0.17 at predawn and 0.45 ± 0.16 at midday 401 ( Fig. 6 ). Lumen volumetric water content (VWCL) was on average 0.25 ± 0.09 at predawn, 402 0.21 ± 0.08 at midday and 0.47 ± 0.09 at saturation (Table S2 ). The relationship between 403 VWCL-sat and total lumen fraction was strong, as expected (r 2 =0.63, P<0.001, Fig. S3 ). The 404 slope of that relationship was not significantly different from 1 (major axis fit, P=0.53) and the 405 intercept was not significantly different from 0 (P=0.29) suggesting that the two 406 measurements are directly related to each other. Wall VWC (VWCW) averaged 0.16 ± 0.03 407 and was positively correlated with total wall fraction (r 2 =0.62, P<0.001). 408
Predawn water content was strongly associated with midday water content for all 409 water content indices (r 2 >0.97, P<0.001). Therefore, the following relationships are reported 410
for predawn values only unless stated otherwise. VWCL-pd was positively correlated with 411 RWCL-pd (r 2 =0.70, P<0.001) and RWCpd (r 2 =0.49, P<0.001). RWCpd and RWCL-pd were 412 strongly correlated with each other (r 2 =0.91, P<0.001), and, we use RWCL-pd in subsequent 413
analyses. 414
Relationships between anatomical traits and water content differed depending on 415 water content indices and porosity type. Across all species, vessel lumen fraction was 416 positively correlated with VWCL (all species: r 2 =0.19, P<0.05, excluding P. tomentosa: 417 r 2 =0.39, P<0.001, Fig. 7a ). Other tissue lumen fractions were weakly or not correlated with 418 VWCL-pd, (Fig. S2 ). VWCL-pd tended to be higher in species with smaller vessels (log10 mean 419 vessel area: all species: r 2 =0.20, P<0.05, excluding P. tomentosa, r 2 =0.44, P<0.001; log10 420 DH: all species: r 2 =0.32, P<0.01, excluding P. tomentosa, r 2 =0.48, P<0.001). These were the 421 strongest pairwise relationships. VWCL-pd was negatively correlated with WD (r 2 =0.19, 422 P<0.05, Fig. S1 ) across all species. Within the two porosity groups, tissue lumen fractions or 423 WD were not correlated with VWCL-pd ( Fig.S2) . 424
Relationships between RWCL-pd and tissue fractions were stronger than for VWCL-pd, 425 and with different tissues. Across all species, the ones with higher fibre lumen fraction tended 426 to have lower RWCL-pd (all spp: r 2 =0.19, P<0.05, excluding P. tomentosa: r 2 =0.37, P<0.001, 427 Fig. 7b ), while other tissue lumen fractions were weakly or not related (Fig. S2 ). Within 428 porosity type, fibre lumen was also the strongest, inverse correlate of RWCL-pd (diffuse-429 porous: r 2 =0.65, P<0.001, all ring/semi-ring-porous: r 2 =0.07, P>0.1, excluding P. tomentosa: related to RWCL-pd. 434 RWCL-pd was not related to WD across all species (r 2 =0.00, P=0.79), nor within 435 ring/semi-ring-porous species (r 2 =0.00, P=0.95). But it was positively correlated within 436 diffuse-porous species (r 2 =0.45, P=0.01). 437 438
Day cumulative water released 439
The amount of water released between predawn and midday (ΔCWRpd-md) was on average 440 37 ± 14 kg per m 3 of wood, and was positively correlated with VWCL-pd (r 2 =0.31, P<0.01) and 441 more weakly with RWCL-pd (r 2 =0.15, P<0.05). ΔCWRpd-md was also weakly negatively related 442 to WD across all species (r 2 =15, P<0.05). Tissue lumen fraction or vessel-tissue contact 443 fractions were not related to ΔCWRpd-md, except for a weak positive correlation with vessel 444 lumen fraction (all species: r 2 =0.12, P<0.1, excluding P. tomentosa: r 2 =0.21, P<0.05) driven 445 by porosity type. 446
Across diffuse-porous species, ΔCWRpd-md was negatively correlated with vessel size 447 (mean vessel area: r 2 =0.36, P<0.05, DH; r 2 =0.36, P<0.05) and not correlated with tissue 448 fractions or contact fractions (on pairwise basis). Across ring/semi-ring-porous species, 449 higher ΔCWRpd-md was associated with higher VWCL-pd (r 2= 0.55, P<0.01, excl. P. tomentosa: 450 r 2 =0.39, P<0.05), and lower WD (r 2 =0.30, P<0.05). 451 452
Stem water potential 453
Predawn stem water potential (Ψpd) ranged from -0.21 to -0.93 MPa and midday stem water 454 potential (Ψmd) from -0.37 to -2.1 MPa (Table S2 ). The largest change between predawn and 455 midday water potential (ΔΨpd-md) was 1.6 MPa and the smallest was 0.13 MPa. WD was 456 higher in more negative Ψmd (r 2 =0.53, P<0.001) and larger ΔΨpd-md (r 2 =0.51, P<0.001) 457 species, but correlated weakly with Ψpd (r 2 =0.11, P<0.1, Fig. S2 ). 458
459
Capacitance 460
Day capacitance was on average 53 ± 26 kg m -3 MPa -1 , excluding P. tomentosa, and ranged 461 from 8 to 99 kg m -3 MPa -1 (Table S2 ). The outlier, P. tomentosa, had a capacitance of 505 kg 462 m -3 MPa -1 , and was excluded from further analysis. Across all species, those with higher 463 capacitance tended to have lower WD (r 2 =0.35, P<0.001, Fig.8a ) and higher VWCL-pd 464 (r 2 =0.29, P<0.01, Fig. 8b , Table 3 ). Together, WD and VWCL-pd explained 44% of the 465 variation in capacitance (r 2 adj=0.44, P<0.001), meaning that for a given WD, species with capacitance was higher in species with higher vessel-axial parenchyma contact fraction 470 (r 2 adj=0.56, P<0.001), lower vessel-fibre contact fraction (r 2 adj=0.54, P<0.001) and lower 471 vessel-ray contact fraction (r 2 adj=0.54, P<0.001, Table 3 ). These were the strongest models 472 describing correlates of day capacitance across all species. 473
Relationships between capacitance and other traits differed between porosity types 474 and across all species. Among diffuse-porous species, WD or VWCL-pd were not or were only 475 marginally correlated with capacitance (Table3). The trait combination that was most strongly 476 related to capacitance, was VWCL-pd minus vessel-ray contact fraction (r 2 =0.52, P<0.01) and 477 plus vessel-vessel contact fraction (r 2 =0.41, P<0.05). In ring/semi-ring-porous species, 478 VWCL-pd together with WD explained the largest proportion of capacitance variation 479 (r 2 adj=0.59, P<0.01, or after excluding Sassafras albidum, r 2 adj=0.73, P<0.001; S. albidum was 480 the only species with the majority, if not all, fibres being gelatinous and an outlier in vessel-481 fibre contact fraction, Fig. 5 ). In addition, per given VWCL-pd, species with higher vessel-fibre 482 contact fraction also had higher capacitance (r 2 adj=0.63, P<0.01) but only after removing S. 483 albidum (not significant, when S. albidum included). 484
When we substituted VWCL-pd with RWCpd in the models listed in Table 3 , their 485 strength was either comparable ('RWCpd + WD' model across diffuse-porous species), 486 weaker by 2-7% or not statistically significant (for other models). We also ran a set of models 487 substituting VWCL-pd with WD. Across all species, no models surpassed the ones including 488 VWCL-pd (0.28<r 2 adj<0.37, P<0.01). Among diffuse-porous species, none of the models were 489 significant (P>0.15), whereas across ring/semi-ring-porous species only WD was statistically 490 significant. 491 Apart from the multiple regression models, species with higher capacitance tended to 492 have less negative Ψpd (log10, r 2 =0.44, P<0.001) and narrower ΔΨpd-md (log10, r 2 =0.50, 493 P<0.001). 494 495 DISCUSSION 496
Day capacitance and cumulative water release 498
Across all species, WD and VWCL-pd were the strongest correlates of capacitance (Table 3 , 499 Fig. 8a, b ). An inverse relationship between WD and capacitance was also found in other 500 studies, using the bagged leaf/shoot method ( potentially be released. Perhaps less intuitive is the result that WD was a stronger driver of 508 capacitance than the proportions of any individual tissues. This implies that capacitance is an 509 emergent property of the whole-wood, rather than being linked strongly to any one 510 anatomical component. All cells in wood are tightly packed (Fig. 1) , in contrast to leaves, and 511 joined via highly lignified lamella. Therefore, any change in cell volume, resulting from water 512 release, would require a coordinated change across neighbouring cells (Holbrook 1995) . 513
This, presumably, would be more feasible in lower WD species that have a greater whole-514 organ ability to shrink (Irvine & Grace 1997 Scholz et al. (2008) found no 520 correlation between WD and diurnal sapwood shrinkage across six species. The latter study, 521 however, encompassed a narrow WD range (~0.42-0.62 g cm -3 ) and when lower density 522 tissues from bark were included, strong covariation with capacitance was observed. 523
Enlarging the number of species and broadening the wood density range in future studies 524 would likely help to clarify this issue. 525
Parenchyma lumen fraction, as well as all other tissue lumen fractions, either were not 526 correlated with capacitance or were less strongly correlated than WD. Furthermore, the 527 tissue fractions that were significant in multiple regression models were also correlated with 528 WD (fibre lumen and axial+ray lumen parenchyma fractions, but not vessel lumen fraction, 529 see below). This finding is in concordance with previous studies, which also found no 530 relationship between parenchyma fraction and capacitance in four Here, we show that 537 parenchyma lumen fraction does not limit capacitance (Fig. 8c ). If anything, vessel lumen 538 fraction had the strongest, albeit still weaker than WD, link to capacitance (r 2 =0.14, P<0.05, 539 Fig. 8d ) and ΔCWRpd-md (r 2 =0.21, P<0.05) across all species, as well as within ring/semi-ring-540 porous species (multiple regression, r 2 adj=0.55, P<0.01, Table 3 ). This result is aligned with 541 the idea that cavitating vessels might contribute to capacitance, even at xylem water 542 potentials well above critical thresholds (Hölttä, Cochard, Nikinmaa & Mencuccini 2009; 543 Vergeynst et al. 2015; Knipfer et al. 2019) . Moreover, ΔVWCL-pd-md averaged at 0.04 ± 0.02, 544 which is small in comparison with tissue lumen fractions (Fig. 2, Table S2 ), suggesting that 545 lumen fraction might not limit water release or that water could be released from multiple 546 tissues. The interpretation of these results is further complicated by the possibility of variable 547 water distribution across growth rings as well as within growth rings (Umebayashi et al. 2008 (Umebayashi et al. , 548 2010 Instead of tissue lumen fractions, vessel-tissue contact fractions tended to be more 552 strongly linked to capacitance (as independent variables in multiple regression models) 553 across all species, as well as within porosity groups. Within ring/semi-ring-porous species, 554 per given VWCL-pd, capacitance increased with higher vessel-fibre contact fraction (Table 3) , 555
suggesting that water may be released from fibres in these species (as well as vessels, see 556 above). This is in agreement with microCT evidence of emptying fibres (and vessels) as 557 water potential decreases (Knipfer et al. 2017 (Knipfer et al. , 2019 ). An interesting path forward would be to 558 measure the size of fibre lumina and taper, because these characteristics could have an 559 additional effect on capillary water release as capillary tension and lumen diameter are 560 negatively correlated (Tyree & Yang 1990; Hölttä et al. 2009 ). Across diffuse-porous species, 561 per given VWCL-pd, capacitance decreased with higher vessel-ray contact fraction (Table 3) . 562 Furthermore, across all species, vessel-axial (positive), vessel-fibre (negative) and vessel-563 ray (negative) contact fractions were all linked to capacitance with similar strength (Table 3) . 564
Because the three contact fractions are correlated with each other (Fig. 5) , it is not possible 565 to decipher which one of these models may represent a mechanistic link. Nevertheless, the 566 vessel-ray contact influence is consistent across all species as well as within the diffuse-567 porous species (Table 3) . How could the inverse influence of vessel-ray contact fraction on 568 capacitance be explained? One possibility is that, in species limited by a small volume of 569 water released from wood (low capacitance), additional water could be supplied from bark or 570 pith ( wood and pith could possibly clarify the influence of contact fractions and ray parenchyma on 575 whole-stem capacitance. We are aware of only one study (Martínez-Cabrera, Jones, Espino 576
Water storage 580
None of the studied species was fully saturatedfar from it, about half of the cell lumen 581 was empty (average RWCL-pd: 0.52 ± 0.17). Similar values were reported in the trunk wood of 582 three temperate angiosperms (Longuetaud et al. 2016 (Longuetaud et al. , 2017 . Lack of saturation may explain 583 why our capacitance values are lower, sometimes by an order of magnitude, than 584 capacitance estimated as the initial slope of the water release curve (on saturated samples) 585
in several studies of tropical (Meinzer et al. 2003 (Meinzer et al. , 2008 Carrasco et al. 2015; Santiago et al. 586 2018) and temperate species , but in a similar range to Cerrado species 587 (Scholz et al. 2007) . Given that most of these studies measured capacitance on short xylem 588 segments, it is possible that water may have been released from open conduits, thus 589 resulting in an overestimation of capacitance (Tyree & Yang 1990; Jupa et al. 2016 ). Our 590 values overlap more so with studies which used the bagged leaf method on tropical species 591 (Zhang et al. 2013; Wolfe & Kursar 2015) . Note that (Zhang et al. 2013 ) measured 592 capacitance on entire stems, including bark and pith, which may explain the presence of 593 species with high capacitance in that study. Our results also overlap with capacitance values 594 of Australian angiosperms, estimated from excised material using psychrometers within the 595 native operating shoot water potential range of these species (Richards et al. 2014 ), as well 596 as with capacitance values estimated from the second, "flatter" phase of the water release 597 curve . Overall, these findings highlight the importance of in natura water 598 content and capacitance measurements and the need for a better understanding of how 599 these measurements compare with ones in which the water potentials were measured on 600 small, excised samples. 601 WD, a direct outcome of total lumen and wall fractions, was weakly or not related to fresh 602 water content indices, similar to other studies on three temperate angiosperms (Longuetaud 603 et al. 2016 (Longuetaud 603 et al. , 2017 2017). This lack of correlation is likely due to a considerable portion of lumen (most likely 606 fibre lumen, Fig.7 ) being empty as indicated by RWCL-pd. These results caution against WD 607 being taken as a direct proxy of water content in the fresh state. 608 VWCL was more strongly correlated with capacitance than total VWC or the more 609 commonly measured RWC, suggesting that absolute, lumen-based water indices are more 610 relevant for capacitance than relative ones. Moreover, we estimated that the amount of wall-611 bound water was considerable (VWCW-pd average: 0.16 ± 0.03) in comparison with lumen 612 water content (VWCL-pd average: 0.25 ± 0.09). Although, it needs to be noted, that these 613 estimates may carry some error because of the assumption that fibre saturation point is 614 attained at 30% moisture content in any species, which is not always the case (Kellogg & 615 Wood density WD g cm -3 Fibre fraction: w, l, w+l Unitless Axial+ray parenchyma fraction: w, l, w+l " Axial parenchyma fraction: w, l, w+l " Ray fraction: w, l, w+l " Vessel fraction: w, l, w+l " Living fibre fraction: w, l, w+l " Conduits15 fraction: w+l " Vessel-fibre contact fraction " Vessel-axial+ray parenchyma contact fraction " Vessel-axial parenchyma contact fraction " Vessel-ray contact fraction " Vessel-vessel contact fraction " Vessel-conduits15 contact fraction " Vessel mean area µm 2 Vessel mean diameter µm Hydraulically weighted vessel diameter DH " Vessel number per area mm -2 Vessel size to number ratio mm 2 mm -2 Lumen fraction per total fibre area lumen fractionfibre Unitless Lumen fraction per total axial+ray parenchyma area lumen fractionaxial+ray " Lumen fraction per total axial parenchyma area lumen fractionaxial " Lumen fraction per total rays area lumen fractionray " Lumen fraction per total vessels area lumen fractionvessel " Lumen fraction per total living fibres area lumen fractionliving fibre " Table 3 . Best models predicting wood capacitance, based on r 2 (for bivariate) or radj 2 (for multiple 954 models). Analysed were lumen fractions of: fibre, vessel, axial parenchyma, ray parenchyma, 955 axial+ray parenchyma, and contact fractions: vessel-fibre, vessel-vessel, vessel-axial parenchyma, 956 vessel-ray parenchyma, vessel-axial+ray parenchyma. Three best models with P<0.1 are shown. For 957 all species (n=29, excluding Paulownia tomentosa), we allowed maximum three explanatory variables, 958 and for diffuse-porous (n=14) and ring/semi-ring-porous (n=15) species, we allowed maximum two 959 explanatory variables, to avoid model overfitting. For models including vessel-fibre contact fraction 960 among ring/semi-ring-porous species one outlier was removed (Sassafras albidum, see Fig. 5 ). VWCL-961 pd: lumen volumetric water content at predawn, WD: wood density, axial: axial parenchyma. Bold: r 2 or 962 r 2 adj>0.5, regular: 0.4<r 2 or r 2 adj<0.5, grey: r 2 or r 2 adj<0.4. Significance levels: '***' P<0.001, '**' P<0.01, contact fractions sorted along vessel-axial+ray parenchyma contact fraction (b). Three-letter 977 codes denote species (Table 1) . 978 979 980 981 Figure 3 . Boxplots illustrating differences between diffuse-porous (D, n=14), semi-ring-porous 982 (SR, n=6) and ring-porous species (R, n=10). Circles denote species averages. Traits 983 shown: wood density (WD), tissue fractions (F), vessel-tissue contact fractions (CF), 984 hydraulically weighted diameter (DH), vessel size to number ratio (S), predawn lumen 985 volumetric water content (VWCL-pd), predawn relative water content (RWCpd), midday to 986 predawn difference in cumulative water released (ΔCWRmd-pd) and capacitance. An outlier is 987
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Paulownia tomentosa (pau). 988 
